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E-mail address: ggrueber@ntu.edu.sg (G. Grüber).The C-terminal residues 98–104 are important for structure stability of subunit H of A1AO ATP syn-
thases as well as its interaction with subunit A. Here we determined the structure of the segment
H85–104 of H from Methanocaldococcus jannaschii, showing a helix between residues Lys90 to
Glu100 and ﬂexible tails at both ends. The helix–helix arrangement in the C-terminus was investi-
gated by exchange of hydrophobic residues to single cysteine in mutants of the entire subunit H
(HI93C, HL96C and HL98C). Together with the surface charge distribution of H85–104, these results shine
light into the A–H assembly of this enzyme.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The A1AO ATP synthase (A-ATP synthase) is responsible for the
synthesis of ATP (adenosine triphosphate) from adenosine diphos-
phate (ADP) and inorganic phosphate by using an electrochemical
gradient across the membranes in archaea. The membrane-embed-
ded AO portion is composed of subunits a:cx and a soluble A1 por-
tion, consisting of subunits A3:B3:C:D:Ex:F:G:H2 [1,2]. The A3:B3
headpiece of A1 is attached by a central and two peripheral stalks
to the AO portion and a collar-like structure [3–5], which is com-
prised of subunit E [6]. The central stalk is made of subunits C, D
and F [7,8], whereas the peripheral stalks are formed by the sub-
units H and the N-terminal domain of subunit a, respectively [9].
ATP is synthesized or hydrolyzed on the A3:B3 headpiece and the
energy provided for or released during that process is transmittedchemical Societies. Published by E
iaminetetraacetic acid; IPTG,
tic resonance; NOE, nuclear
, nitrilotriacetic acid; PAGE,
chain reaction; RMSD, root
; Tris, tris-(hydroxymethyl)to the membrane-bound AO sector. The energy coupling between
the two active domains occurs via the stalk part(s) [7–9].
The high resolution structures of the subunits C [10], F [11] and
the C-terminal domain of subunit E [12] provided signiﬁcant in-
sights into the central stalk and collar-domain, respectively. The
low resolution structure of peripheral stalk subunit H has also been
determined from small angle X-ray scattering data revealing a boo-
merang-like shape, which is divided into two arms of 120 Å and
60 Å in length (Fig. 1, [13]). Circular dichroism (CD) spectroscopy
showed that H comprises at least of a C-terminal coiled-coil do-
main within residues 54–104 and an N-terminal domain formed
by adjacent helices [13,14]. Most recently, the solution nuclear
magnetic resonance structure (NMR) of the N-terminal domain,
H1–47 has been determined, yielding an a-helix between residues
15–42 and a ﬂexible N-terminal stretch [14]. The a-helix includes
a kink, which is proposed to bring the two helices of the C-termi-
nus in the coiled-coil arrangement. Based on the structure of
H1–47, hydrophobic residues have been exchanged by single cysteines
in subunit H mutants. The patterns of disulﬁde bond demonstrated
that the two N-terminal a-helices are arranged adjacent in subunit
H. Using NMR and intrinsic ﬂuorescence spectroscopy the N-termi-
nal-(residues 1–24) and C-terminal region (98–104) of subunit H
have been identiﬁed to associate with the N-terminal domains of
subunit E [6] and A [13], respectively, and reﬂect that subunit Hlsevier B.V. All rights reserved.
Fig. 1. Superimposition of the shapes of subunit H (light blue) and the truncated
H1–98 (dark blue) determined from solution X-ray scattering data [13] as well as the
NMR solution structure of H1–47 (green) [14].
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and the catalytic A subunit.
Here, we have turned our attention on the determination of the
solution structure of the C-terminal region (85–104) of subunit H
from Methanocaldococcus jannaschii, which is responsible for the
assembly with subunit A and the structural stability of H [13].
The helix–helix arrangement in the C-terminus was investigated
further by exchange to single cysteine in subunit H mutants. The
structural data of the C-terminal peptide have been compared with
published [6,9,13,14,24] or presented data on the complete subunit
H or in the entire enzyme. Finally, the position of subunit H with
respect to subunit A inside the A1AO complex has been discussed.
2. Materials and methods
2.1. Materials
ProofStart™ DNA Polymerase and Ni2+–nitrilotriacetic acid
(NTA)-chromatography resin were received from Qiagen (Hilden,
Germany); restriction enzymes were purchased from Fermentas
(St. Leon-Rot, Germany). Chemicals for gel electrophoresis were re-
ceived from Serva (Heidelberg, Germany). Bovine serum albumin
was purchased from GERBU Biochemicals (Heidelberg, Germany).
All other chemicals were at least of analytical grade and received
from BIOMOL (Hamburg, Germany), Merck (Darmstadt, Germany),
Roth (Karlsruhe, Germany), Sigma (Deisenhofen, Germany), or
Serva.
2.2. Peptide synthesis
The peptide H85–104 of the M. jannaschii subunit H was syn-
thesized and puriﬁed by reversed phase high pressure liquidchromatography at the Division of Chemical Biology and Biotech-
nology, School of Biological Sciences, Nanyang Technological Uni-
versity, Singapore. The purity and identity of the peptides were
conﬁrmed by HPLC and electrospray ionization mass spectrome-
try (ESI-MS).
2.3. NMR spectroscopy of H85–104 from M. jannaschii
The C-terminal peptide of subunit H of M. jannaschii A-ATP
synthase, H85–104, was prepared by dissolving the peptide in
25 mM phosphate buffer (pH 6.8). All spectra were obtained at
298 K on a 600 MHz Avance Bruker NMR spectrometer. TOCSY
and NOESY spectra of the peptide were recorded with mixing times
of 80 and 300 ms respectively. TopSpin (Bruker Biospin) and Spar-
ky suite [15] of programs were used for spectra processing, visual-
ization and peak picking, respectively. Standard procedures based
on spin-system identiﬁcation and sequential assignment was
adopted to identify the resonances [16]. Dihedral angle restraints
as derived from TALOS [17] were employed to generate the three
dimensional structure of the peptide in the CYANA 2.1 package
[18]. In total 100 structures were calculated and an ensemble of
20 structures with lowest total energy was chosen for structural
analysis.
2.4. Expression, production and puriﬁcation of mutant proteins of the
entire subunit H
In order to amplify the three mutants of subunit H, HI93C, HL96C
and HL98C, one forward primer 50-CGC GAC ACC ATG GGC GTT AGT
GTT ATG GAA GCA ATA-30 and three set of reverse primers 50-CCG
AGC TCT TAA ATC TCA AGA ATC TCA GAC AAT TTC AAC GAA AG
GCAC TTA ACC T- 30, 50-CCG AGC TCT TAA ATC TCA AGA ATC TCA
GAC AAT TT GCAC GAA AGT ATC-30 and 50-CCG AGC TCT TAA ATC
TCA AGA ATC TCA GAA CAT TTC AAC GA-30 were designed, respec-
tively. The genomic DNA fromM. jannaschii ATCC #43067D™was
used as the template. Following digestion with NcoI and SacI, the
polymerase chain reaction (PCR) products were ligated into the
pET9d1-His3 [19] by T4 DNA ligase. The insert-containing pET9d-
His3 vector was transformed into Escherichia coli cells (Bl21). Pro-
tein production of subunit H mutants and wild type (WT) protein
were induced by 1 mM isopropyl-b-D-thiogalactopyranoside. Puri-
ﬁcation of the mutant and WT protein were accomplished accord-
ing to the protocol decribed recently [13]. The purity and
homogeneity of all protein samples were analyzed by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
[20].
2.5. Crosslink formation of the H mutants
The subunit H mutants, HI93C, HL96C and HL98C, were supple-
mented with 1 lM CuCl2 as a zero-length crosslinker for 20 min
on a sample rotator at 4 C. The reaction was stopped by addition
of 1 mM ethylenediaminetetraacetic acid (EDTA). Samples were
dissolved in dithiothreitol (DTT)-free dissociation buffer and ap-
plied to an SDS–PAGE.
2.6. Circular dichroism spectroscopy
Steady state CD spectra were measured in the far UV-light
(185–260 nm) using a CHIRASCAN spectropolarimeter (Applied
Photophysics) according to Biukovic´ et al. [13]. The baseline cor-
rected spectrumwas used as input for computer methods to obtain
predictions of secondary structure. In order to analyze the CD spec-
trum the following algorithms were used: VARSLC [21], SELCON3
[22], and K2D [23].
Table 1
Structural statistics for H85–104.
Total number of residues 20
Total number of NMR restraints 164
Intraresidual (ji  jj = 0) 33
Sequential (ji  jj = 1) 49
Short range (ji  jj 6 1) 82
Medium-range (2 6 ji  jj 6 5) 31
Long-range (ji  jj > 5) 0
Dihedral angle constraints 31
Ramachandran plot statistics (%)
Residues in most favoured regions 85.0
Residues in additionally allowed regions 15.0
Residues in generously allowed regions 0
Residues in disallowed region 0
Structural precision for well ordered region
rmsd backbone (residues 6–16) 0.45 Å
rmsd heavy atoms (residues 6–16) 1.67 Å
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3.1. Solution structure of H85–104
A comparison of the previously determined low resolution
shapes of subunit H and the C-terminal truncated form, H1–98,
demonstrated that the shortening of the truncated protein went
along with a twisting of the C-terminal region in the low resolution
structure of H1–98 (Fig. 1, [13]). These indicated that the C-terminus
is important for the stabilization of the structure of the entire H
subunit. To characterize the C-terminal segment of subunit H in
more detail, attention was focused to the prepared peptide of the
very C-terminus of subunit H, including the residues 85–104. Cir-
cular dichroism spectroscopy revealed that the peptide is acom-
prised of 57% a-helical and 43% random coil (Fig. 2A). The amino
acids in the primary sequence of peptide H85–104 were sequentially
assigned from NMR spectra as per the standard procedure. Second-
ary structure prediction was done by using the HA chemical shifts,
which shows an a-helical structure in the middle of the protein
(Fig. 2B). Out of 100 structures generated, the 20 lowest energy
structures were taken for further analysis. In total, an ensemble
of 20 calculated structures resulted in an overall mean root square
deviation (RMSD) of 0.45 Å for the backbone atoms and 1.67 Å for
the heavy atoms. All these structures have energies lower than
100 kcal/mol, no nuclear Overhauser effect (NOE) violations
greater than 0.3 Å and no dihedral violations greater than 5. The
summary of the statistics for 20 structures are shown in Table 1.
Identiﬁed cross peaks in the HN–HN region are shown in Fig. 2C.
HN–HN, Ha–HN(i, i + 3), Ha–HN(i, i + 4), and Ha–Hb (i, i + 3) con-
nectivities were plotted from the assigned NOESY spectrumFig. 2. (A) Far UV-CD spectrumof H85–104. (B) Secondary structure prediction usingHa che
in the HN–HN region of the spectrum. Peak picking was done in Sparky 3.110 softwar
NOESY connectivity plot of peptide H85–104 indicative of the residues connected in space r
100).(Fig. 2D), supporting a-helical formation in the C-terminus. The
calculated structure displays an a-helical region between residues
90–100 and a ﬂexible N- and C-terminal region, formed by the
amino acids 85–89 as well as residues 101–104, respectively
(Fig. 3). The ﬂexible C-terminal region is in line with CD values of
the C-terminal truncated form H1–98 and the entire H subunit,
which suggested that the very C-terminal amino acids form an
unstructured peptide also in the entire subunit H [13,14]. Molecu-
lar surface electrostatic potential of the peptide is shown in Fig. 3C
and D. The charge distribution of the peptide is amphiphilic, with
the positive charge (Lys90, Lys92 and Lys97) spreads on one sidemical shifts of H85–104. (C) Assignment of crosspeaks in the NOESY spectrumof H85–104
e and cross peaks were identiﬁed based on TOCSY and NOESY spectrum. (D) The
evealing the presence of helical structure in the middle of the peptide (residues 90–
Fig. 3. Superimposition of 20 lowest energy NMR structures (A) and an average structure (B) of H85–104 calculated by the program CYANA. The ﬁgures (C) and (D) show the
molecular surface electrostatic potential of peptide H85–104 generated by PyMol [27], where the positive potentials are drawn in blue and negative in red.
Fig. 4. NMR solution structure of H85–104 showing different orientations of three
residues Ile93, Leu96 and Leu98 (A) side view, (B) top view. The positions of Ile93,
Leu96 and Leu98 are shown in blue color. (C) Crosslinking of the HI93C, HL96C and
HL98C and subunit H using CuCl2. Proteins were incubated with 1 lM CuCl2 for
30 min at 4 C. The reaction was stopped by the addition of EDTA. The samples were
applied to a 17% total acrylamide and 0.4% crosslinked acrylamide gel. Lanes 1–3,
the subunit H mutant proteins HI93C, HL96C and HL98C in the absence of CuCl2,
respectively. Lanes 5–7, mutant proteins HI93C, HL96C and HL98C in the presence of
1 lM CuCl2. Lanes 4 and 8, subunit H (12 kDa) wild type and lane 9, subunit E
(23.5 kDa) of the A1AO ATP synthase as molecular-weight markers.
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idues Val91, Leu94, Leu98 and Ile101. The only negatively charged
amino acid Glu100 is at the hydrophobic side of the helix.
3.2. Disulﬁde linkage in subunit H mutants
The solution structure of H85–104 shows a helix formed by resi-
dues Lys90-Glu100. In the helix region of H85–104 there is a triangu-
lar orientation of residues Ile93, Leu96 and Leu98 (Fig. 4A and B). In
order to prove the NMR structure and to analyze different inter
subunit disulﬁde pattern as well as the proximity of those residues
in the dimeric subunit H, we have made three mutants of subunit
H (HI93C, HL96C and HL98C), where in each case a cysteine residue is
introduced in place of Ile93, Leu96 and Leu98, respectively. All mu-
tants have been isolated to high purity. Crosslink formation in the
absence and in presence of 1 lM CuCl2 is shown in Fig. 4C. There is
almost no difference when the mutants were incubated in the ab-
sence and presence of CuCl2. In the case of mutant HI93C and HL96C,
less than 10% of the protein formed a dimer. In contrast, when the
leucine residue 98, located at the opposite site of the a helix in
H85–104 structure (Fig. 4A), was exchanged by a cysteine residue,
100% of the protein formed dimer in the absence and presence of
CuCl2. These data conﬁrm the arrangement of the single amino acid
residues determined in the peptide structure as well as the close
proximity of Leu98 and Leu980 of the two a helices in the dimeric
H subunit. The results add to the recent ﬁnding that cysteine mu-
tants introduced at positions 54, 61 and 69 of truncated H subunits
had a strong tendency to form disulﬁdes, whereas no signiﬁcant
crosslink can be detected in the cysteine positions 67 and 78,
respectively. This periodicity is consistent with that of a coiled-coil
formation in the C-terminal domain as proposed recently [14].
3.3. CD spectroscopy of subunit H mutants
Circular dichroism spectroscopy revealed large negative ellip-
ticities atH222 andH208, indicative of signiﬁcant a-helical content
in the proteins (Fig. 5). When compared to the wild-type subunit H
(80% a-helical), the calculated a-helical content for mutant HI93C,
HL96C and HL98C were 78%, 78%, and 72%, respectively. The ratio
of the magnitudes of the 222 nm and 208 nm minima (H222/
Fig. 5. CD spectroscopy of subunit H mutants, HI93C (blue), HL96C (red) and HL98C
(green). CD spectra of mutant proteins (2 mg/ml) were measured in a buffer
composed of 50 mM tris-(hydroxymethyl) aminomethane (Tris), 250 mM NaCl, pH
7.5 at room temperature in a Chirascan spectropolarimeter at a step resolution of
1 nm.
Fig. 6. Model of subunit A–H assembly in the A1AO ATP synthase. The crystallo-
graphic model of subunit A from P. horikoshii OT3 (blue, pdb 3I72, [28]) and the
solution shape of subunit H from M. jananschii (orange, [14]) were arranged based
on the recently published crosslinking data of subunit H with the mapped peptide
Thr106 to Arg122 (red) of subunit A of the entire methanogenic A1AO ATP [9],
ﬂuorescence titration results [13] and the presented surface charge distribution of
H85–104 (green). The two adjacent arranged helices H1–47 and H1—470 , determined by
NMR solution spectroscopy, are shown in yellow [14].
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determined value of 0.96 for subunit H [14]. The drop in a helical
content of the mutant HL98C indicates the importance of the hydro-
phobic residue Leu98 in helix formation and is in line with the
twisting of the C-terminal region in the low resolution structure
of the C-terminal truncated protein H1–98 [13].3.4. A–H assembly in the A1AO ATP synthase
Recently, truncated C-termini of subunit E (amino acids 83–
185) and H (residues 91–111) of the Thermoplasma acidophilum
A1AO ATP synthase have been used to study the proposed interac-
tion of these peptides with the 23 amino acid peptide of the N-ter-
minus of subunit B and a weak afﬁnity of 2 mM of the truncated
C-termini of E and H with the 23 amino acid peptide of B has been
estimated [24]. By comparison, experiments using the entire meth-
anogenic A1AO ATP synthase have shown that subunit H forms a
zero-length crosslink with the N-terminal region T106 to R122 of
the catalytic subunit A (Fig. 6), depending on the nucleotide-bound
to the enzyme [9]. Using the intrinsic Trp118 inside the N-terminal
peptide, which is involved in the A–H crosslink formation, a quan-
titative titration of H to the catalytic A subunit has consequently
been performed, revealing that subunit H binds in a saturable fash-
ion to subunit A with a Kd of 206 nM [13], which is comparable to
the values determined for the interaction of the peripheral stalk
subunits d (120 nM [25]) and d (200 nM [26]) with the major
subunits a and A of the related bacterial F1FO ATP synthase and
eukaryotic V1VO ATPase, respectively. In contrast, in the presence
of the C-terminal truncated H1–98, no binding could be detected.
The presented solution structure of H85-104 with a ﬂexible segment
at the very end of the peptide followed by a stable a-helix, made-
up by residues 90–100, shines light into the crosslink formation of
A and H in the entire A1AO ATP synthase complex (Fig. 6). The
hydrophobic residues like Val91, Leu94 and Leu98 are involved
in the coiled-coil formation of the dimeric H subunit, whereby
the positively charged residues Arg90, Arg92 as well as Arg97
and the negatively charged amino acids Glu100 and Glu103
become accessible for charged residues within the N-terminal seg-
ment of subunit A, enabling the crosslink formation via 1-ethyl-
3-(dimethylaminopropyl)-carbodiimide (EDC) [9].
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